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Abstract 
In the current paper, CaCO3 precipitation process via CO2 absorption into aqueous solution of Ca(OH)2 was investigated in a 
stirred semi-batch reactor. Mathematical model describing the precipitation process was developed by considering the absorption 
and reaction kinetics as well as hydrodynamic conditions in the system. The model allows to simulate the concentration profiles 
of reactive species (CO2, Ca2+, OH-, CaCO3, HCO3-, H+, CO32-) in the gas and liquid phase as well as to predict the rate of CaCO3
formation. The volumetric mass transfer coefficient, kLaCO2 characterizing CO2 transfer performance from gas phase into 
Ca(OH)2 solution as well as rate constant of the CaCO3 precipitation reaction, k51 were estimated based on the experimental data 
and the developed model. The CO2 mass transfer enhancement factor E due to chemical reaction was also estimated.  
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
There is a considerable concern about the impact of greenhouse gases including carbon dioxide (CO2) emissions 
on the global climate [1]. In spite of years of legislation and emission reduction, particularly in the Republic of 
Estonia, where local carbonaceous fossil fuel - oil shale - is used as a fuel in electricity production, remarkable CO2
emissions are still one of the major environmental issues.  
Among the options under consideration to help mitigate anthropogenic CO2 emissions is carbon mineral trapping 
- the chemical binding of CO2 by calcium (Ca) and magnesium (Mg) compounds to form stable carbonates [2]. In 
this context, the feasibility of CO2 safe disposal in the form of precipitated calcium carbonate (PCC) by gas-liquid 
reaction is of considerable importance due to applicability of PCC in a wide range of products including paper, 
paints, plastics, rubber, textiles etc. Although PCC is traditionally produced from lime of natural limestone [3], the 
efforts in the direction of waste minimization have evoked designing of new production methods for PCC. A very 
promising one among them is related to the reusability of lime-containing wastes, including oil shale ash formed 
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during heat and power production in Estonia. It has been proven by our earlier studies, that due to high content of 
free lime (up to 30% of CaO) this residue could be considered as a low-cost source of water-soluble calcium [4].  
In the preliminary stage, modeling of the process of CaO leaching/slacking from ash [5, 6] as well as dissolution 
of gaseous CO2 into the liquid phase [7] have been worked out and described by the authors. Furthermore, in order 
to design the PCC formation process and to optimize CO2 elimination from exhaust gas using alternative CaO 
containing materials, such as oil shale ash, mathematical models describing the precipitation process of calcium 
carbonate in a model gas – liquid system must be developed using at first chemically pure lime as a Ca source. Thus, 
the main goal of the current study was to develop a mathematical description of the multi-step PCC formation 
process in a model gas – liquid system by conducting chemical absorption experiments of CO2 into an aqueous Ca-
ion rich solution of calcium hydroxide Ca(OH)2 with various initial concentrations. The scope of the study was 
extended to investigate the influence of precipitation reaction on the rate of CO2 mass transfer. 
2. Materials and methods 
Experimental work was carried out in a pilot-scale stirred PCC semi-batch reactor by bubbling a gas mixture of 
CO2 and air through a recirculating Ca(OH)2 solution of 10 L volume. Gas flow rate (QG) and composition (c) was 
controlled using rotameters and CO2 IR-analyzer (Duotec). The pH value in reactor was continuously monitored by 
pH meter (Mettler Toledo GWB SG2). Collection of the liquid phase samples was performed by means of sampling 
valve on the reactor body (Figure 1).  
Figure 1 Principal scheme of the experimental setup
Initial Ca(OH)2 solutions with various concentrations (350, 600 and 850 mg Ca2+ L-1) were prepared by slaking 
chemically pure lime (Sigma-Aldrich) and filtering the suspension in order to remove any inert or non-dissolved 
solids. The carbonation process took place at a constant gas feed rate of 1000 L hr-1 with a gas mixture containing 
5.0 vol.-% of CO2 in air and stirrer rotation speed of 400 rpm. In the coarse of experiments, the pH value, 
concentration of Ca2+ (titrimetric method ISO 6058:1984), CO32-, HCO3-, OH- ions (titrimetric method ISO 9963-
1:1994(E)) in the (filtered) liquid phase as well as CO2 content in the gas stream exiting the reactor were 
continuously measured. Experiments were conducted until the solution pH reached a value of 7.0. 
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3. Results and discussion 
3.1. Modeling of the CO2 chemical absorption into aqueous Ca(OH)2 solution  
CO2 transfer, the process by which CO2 is transferred from the gaseous to the liquid phase, is a vital part of a 
number of industrial processes (gas purification, carbonation/precipitation, wastewater neutralization). The 
mechanism for the reaction of CO2 with aqueous solutions of hydroxides has been expressed by Cents et al [8] and 
in the case of absorption into (under)saturated Ca(OH)2 solution can be presented by the following reactions. 
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In addition to the above reactions, the process of physical dissolution of gaseous CO2 into Ca(OH)2 solution is 
represented by Eq. 6:  
(l)CO(q)CO 22 ↔   (6) 
The solubility equilibrium follows Henry's law (at pressures up to about 5 atm):  
[ ]
2COHeq2 Pk(l)CO ×=   (7) 
where kH is the Henry constant, Pco2 is the CO2 partial pressure.  
The modeling procedure in this paper accounted for kinetics of absorption and reactions taking place in the liquid 
phase (Eq. 1-6) as well as hydrodynamic conditions in the system. According to our proposal [7], when CO2 is 
bubbled through a perfectly mixed aqueous Ca(OH)2 solution, the precipitation process of CaCO3 can be modeled 
by the following differential equations for the different species, assuming that the system is operated isothermally at 
25° C. 
• For CO2 dissolved in liquid phase: 
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• For Ca2+, OH-, HCO3-, CO32- and H+ ions: 
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• For CO2 exiting the ith section of the reaction mixture: 
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• For CO2 exiting the reactor e.g. headspace VG2 above the reaction mixture (see Figure 1): 
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• For CaCO3 forming in the carbonation process: 
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In equations (8) - (16) concentrations are expressed in molar units; QG is the gas volumetric flow rate, L s-1; 
kLaCO2 is the CO2 volumetric mass transfer coefficient, s-1; Ksp is the solubility product of CaCO3, mol2/L2, VL is the 
solution volume, L; VG is the volume of gas in the gas-liquid mixture, L; VG2 is the gas volume in the reactor 
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headspace, L; kH is the Henry's constant, mol L-1 atm-1; P is the atmospheric pressure, atm; MCO2 is the CO2 molar 
mass, g mol-1; CO2 is the CO2 gas density, g L-1. 
In our study, a program feature accounting for the changes in VL, VG, VG2 due to samples collection was 
implemented in the modeling algorithm. The gas phase in the reaction mixture was divided into a number of 
theoretical sections n with a volume VG/n (gas phase in close to the plug flow regime, liquid phase in the perfectly 
mixed flow regime as solution was recirculated). Each of these sections (high correlation coefficient observed at 
n=10) was treated as a non-equilibrium stage, governed by the Eq. 14. Values of the reaction rate constants in Eq. 1-
4 and parameters used in this paper (T=298.1K) in the modeling of Ca(OH)2 solution carbonation process are 
summarized in Table 1 [7]. 
Table 1 Used parameters in the modeling of CO2 absorption into Ca(OH)2 solution at 298K  
Parameter Value Parameter Value 
k11, L mol-1 s-1 8.4 × 103 k32, mol L-1 s-1 1.3 × 10-3
k12, s-1 2.0 × 10-4 k41, s-1 2.4 × 10-2
k21, L mol-1 s-1 6.0 × 109 k42, L mol-1 s-1 5.7 × 104
k22, s-1 1.2 × 106 kH, mol L-1 atm-1 3.5 × 10-2
k31, L mol-1 s-1 1.4 × 1011 CO2, kg m-3 1.8 
The volumetric mass transfer coefficient of CO2 in the presence of chemical reaction, kLaCO2 and the backward 
reaction rate constant of reaction 5 (Eq. 5), k52, were determined numerically from the differential equations (8) - 
(16). The set of model equations was solved by means of linear multi-step methods implemented in ODESSA, 
which is based on the LSODE software [9].  
The calculations were performed using the MODEST 6.1 software package [10] designed for various tasks of 
model building such as simulation, parameter estimation, sensitivity analysis and optimization. The software 
consists of a FORTRAN 95/90 library of objective functions, solvers and optimizers linked to model problem-
dependent routines and the objective function.  
Estimated values of kLaCO2 (R2> 93 %) with their 95% confidence intervals are presented in Table 2 for various 
concentrations of the initial Ca(OH)2 solution. The average value of the backward reaction rate constant, k52 was 
estimated to be 9.0× 10-3 s-1 and considering the value of solubility product of CaCO3, Ksp =4.8× 10-9 mol2/L2, rate 
constant of the CaCO3 precipitation reaction, k51 is, thus, 1.88× 106 L mol-1 s-1 (Table 2).  
Table 2 Estimated parameters for carbonation of the Ca(OH)2 solutions in a stirred semi-batch reactor at QG = 1000 L hr-1, N = 400 rpm, c = 5% 
[Ca2+]0, mol L-1 kLaCO2, s-1 E Precipitation reaction kinetics 
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absent [7] 0.0194 ± 0.0007 1.0 
0.00863 0.0294 ± 0.0026 1.5 
k51av,  
L mol-1 s-1
1.88× 106
0.01500 0.0347 ± 0.0024 1.8 
0.02125 0.0529 ± 0.0051 2.7 
k52av,  
s-1
9.00 × 10-3
Proposed model allows to simulate the concentration profiles of reactive species (Ca2+, OH-, CaCO3, HCO3-, 
CO2, H+, CO32-) in the gas and liquid phase as well as to predict the rate of PCC formation. The model was verified 
by comparing the predictions of the species concentration changes in the course of carbonation with the 
experimental data. Examples of the plots of experimental and simulated concentration profiles are shown in Figure 
2.  
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Figure 2 Modeling of CO2 absorption at QG = 1000 L hr-1, N = 400 rpm, c = 5%, [Ca2+]0 = (A) 0.00863; (B) 0.0150 and (C) 0.02125 mol L-1: 
comparison of experimental (points) and simulated (solid lines) Ca2+, OH-, CaCO3, HCO3-, CO2(l) (mmol L-1), CO2(out) (%) concentration and 
pH profiles 
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It can be seen that the course of carbonation is quite well described. The correlation coefficients obtained for all 
sets of data were no less then 0.93. At lower pH values the solubility of the CaCO3 increases, thus, the potentials of 
the presented model are manifested by the accurate prediction of the outcome of the final stage of the carbonation 
process, where the back-dissolution of PCC is starting to take place. Developed model allows also the prediction of 
pH during the neutralization of Ca(OH)2 alkaline solution as graphically represented by Figure 2, B and can be used 
to design the precipitation as well as wastewater neutralization process. 
3.2. The effect of precipitation reaction on the rate of CO2 mass transfer  
The volumetric mass transfer coefficient, kLa is a parameter that represents the absorption performance per unit 
volume of gas-liquid mixture in the reactor and depends fundamentally on the superficial gas velocity and on the 
physical properties of absorption phase. Furthermore, the presence of chemical reaction will, generally, enhance the 
mass transfer across the gas-liquid interface [11].  
The reactions of CO2 with Ca(OH)2 solution enhance the rate of absorption and increase the capacity of the liquid 
solution to dissolve the solute, when compared with physical absorption systems. The effect of chemical reaction on 
the process performance can be expressed by introducing the CO2 mass transfer enhancement factor, E [12, 13], 
defined here as the ratio of the volumetric mass transfer coefficients for CO2 absorption for both cases with, kLaCO2
and without chemical reaction, kLa0CO2:  
0
2
2
COL
COL
ak
ak
E =     (17)
In our earlier study on the CO2 absorption process into aqueous alkaline solution of hydroxides in a stirred semi-
batch reactor, the volumetric mass transfer coefficient of CO2 for the system in the absence of chemical reaction, 
kLa0CO2 (s-1) was estimated for a wide range of operating parameters, including stirrer rotation speed (N, rpm), gas
flow rate (QG, L hr-1) and CO2 content in the inlet gas (c, vol. %):  
1117.03840.04316.050 106218.9
2
cQNak GCOL ××= −   (18)
Details of the kLa0CO2 determination can be found in [7]. For the same experimental conditions as applied in this 
work, kLa0CO2 was found to be 0.0194 s-1 (see Table 2). Thus, based on the results of these studies, values of the 
enhancement factor E for CO2 absorption were determined (Table 2) and empirical equation of E (R2=97.4%) as a 
function of Ca(OH)2 solution initial concentration (unit mmol L-1) was proposed as follows: 
[ ] [ ] 010224000270 .Ca.Ca.E 02202 +×+×= ++   (19)
Calculations indicate that in the case of absorption into Ca(OH)2 solutions with up to the maximum solubility 
(saturation concentration ~850 mg Ca2+ L-1), the enhancement factor is, as expected, noticeably (1.5 - 2.7 times) 
larger than unity. Chemical reaction keeps the concentration of CO2 in the liquid phase nearly zero and, therefore, 
the driving force is remained high. Thus, an increase in the Ca(OH)2 solution initial concentration produces a 
continuous increase in the enhancement factor.  
4. Conclusion 
This paper contributes to knowledge on the chemical absorption of CO2 into aqueous Ca(OH)2 solution 
performed in a stirred semi-batch reactor under different experimental conditions. As a result of the study, 
mathematical model for predicting CaCO3 precipitation process was developed and the mass transfer parameters 
were determined. The presented carbonation model has been positively verified to find a good agreement between 
experimental data and modeling predictions. The proposed computational procedures may be effectively used to 
simulate and design precipitation or alkaline wastewater neutralization process at arbitrary conditions. To show the 
increasing rate of carbon dioxide transfer due to chemical reaction, the CO2 mass transfer enhancement factor E was 
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evaluated and empirical equation of E as a function of solution initial concentration proposed. In the next step of the 
study the carbonation model described here will be applied in the modeling of oil shale ash leachates carbonation 
process taking place in the gas-liquid system. 
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